Massive neutrinos are expected to influence the formation of the large-scale structure of the Universe, depending on the value of their total mass, Σ m ν . In particular Planck data indicate that a non-zero value of Σ m ν may help to reconcile CMB data with Sunyaev-Zel'dovich (SZ) cluster surveys. In order to study the impact of neutrinos on the SZ and X-ray cluster properties, we run a set of six very large cosmological simulations (8 h −3 Gpc 3 comoving volume) that, besides cold dark matter, include the presence of a massive neutrino particle component: we consider the values of Σ m ν = (0, 0.17, 0.34) eV in two different cosmological scenarios to test possible degeneracies. Using the halo catalogues extracted from their outputs, we produce 50 mock light-cones and, assuming suitable scaling relations, we determine the influence of massive neutrinos on both SZ and X-ray cluster counts and other SZ properties such as the y-parameter and its power spectrum. We provide forecasts for the forthcoming SPT and eROSITA cluster surveys, showing that the number of expected detections is reduced by 40 per cent when assuming Σ m ν =0.34 eV with respect to a model without neutrinos. However the degeneracy with σ 8 and Ω m is strong, in particular for X-ray data, requiring the use of additional probes to break it. The y-parameter properties are also highly influenced by the neutrino mass fraction, f ν , with y ∝ (1 − f ν ) 20 , considering the cluster component only. We also find that the normalisation of the SZ power spectrum is proportional to (1 − f ν ) 25−30 . Our findings can be compared with SPT and ACT measurements at ℓ = 3000 indicating that, when Planck cosmological parameters are assumed, a value of Σ m ν between 0.17 eV and 0.34 eV is required to fit the data.
INTRODUCTION
The Standard Model (SM, hereafter) of particle physics predicts the existence of three active neutrino species: the electron (ν e ), muon (ν µ ) and tau (ν τ ) neutrinos. These leptonic particles are chargeless and interact only via the weak force making them very elusive and difficult to study and leaving many open questions about their physical properties and on the possible existence of additional sterile species (see Mohapatra et al. 2007 , for a review). While the SM originally assumed neutrinos to be massless, the discovery of leptonic flavour oscillations suggests that they have a nonzero mass, fixing the lower limit for the sum of neutrino masses to Σ m ν ≡ m ν e + m ν µ + m ν τ 0.05 eV 1 (see Lesgourgues Gonzalez-Garcia 2014, and references therein). This opens the possibility to study neutrino properties also via their gravitational interaction.
From the cosmological point of view the presence of a thermal neutrino component has two important effects. First, since they become non-relativistic after the epoch of recombination they behave as an additional component in the radiation-dominated era, modifying the radiation density term ρ r = ρ γ + ρ ν = 1 + 7 8 4 11 4 3
where ρ γ and ρ ν are the photon and neutrino energy-densities, respectively, and N eff is the effective number of neutrino species that according to the SM predictions should be fixed to N eff = 3.046. This has the effect of postponing the matter-radiation equality for a given value of Ω m h 2 (being Ω m the ratio between the matter density of the Universe and the critical one, ρ c , at z = 0 and h the Hub-ble constant H 0 in units of 100 km s −1 Mpc −1 ) and modifying the background evolution, therefore slightly affecting the properties of the primary Cosmic Microwave Background (CMB) anisotropies. In addition, after recombination neutrinos act as a hot dark matter (HDM) component whose energy-density parameter depends on the CMB temperature, T CMB , and Σ m ν only:
93.14 h 2 eV ,
where 2 ζ is the Riemann zeta function, with ζ(3) ≃ 1.202. Even if present CMB observations put strong constraints on the amount of HDM in the Universe, indicating that Ω ν must be very small, this component can produce significant effects on the large-scale structure (LSS) evolution. In fact, the large thermal velocities of nonrelativistic neutrinos suppress the growth of neutrino densities perturbations on scales smaller than their characteristic free-streaming comoving length λ fs,ν ≃ 7.67
Since neutrinos induce a gravitational backreaction effect, also the evolution of both cold dark matter (CDM) and baryon (Rossi et al. 2014 ) density is affected and, therefore, the total matter power spectrum is hugely suppressed on such scales, with consequences on the shape of the halo mass function (see, e.g., Villaescusa-Navarro et al. 2014; Castorina et al. 2014; Costanzi et al. 2013b ). The dependence of Eq. (3) on the neutrino mass makes the growth of the LSS a sensitive tool to determine the value of Σ m ν (see, e.g., Viel et al. 2010; Marulli et al. 2011; Shimon et al. 2012; Carbone 2013; Mak & Pierpaoli 2013; Costanzi Alunno Cerbolini et al. 2013a; Takeuchi & Kadota 2014) . Indeed, nowadays the tightest upper limits on the total neutrino mass come from cosmological studies. In detail, bounds have been put with Lyman-α forest observations (e.g., Croft et al. 1999; Viel et al. 2010) , galaxy redshift surveys (Elgarøy et al. 2002; Tegmark et al. 2006; Thomas et al. 2010) , CMB observations from the Wilkinson Microwave Anisotropy Probe (WMAP, Komatsu et al. 2009 Komatsu et al. , 2011 Hinshaw et al. 2013) , growth of galaxy clusters (Mantz et al. 2010b (Mantz et al. , 2014 and galaxy clustering (Zhao et al. 2013; Beutler et al. 2014) . Currently, the most stringent upper limit comes from Riemer-Sørensen et al. (2014) who combine the large-scale power spectrum from the WiggleZ Dark Energy Survey (Riemer-Sørensen et al. 2012 ) with CMB observations and measurements of the Baryon Acoustic Oscillations (BAO) scale, yielding the upper limit of Σ m ν < 0.18 eV (95 per cent CL).
More recently the attention of the astrophysical community on this problem was raised by the Planck satellite observations. The cosmological results from the CMB anisotropies by Planck Collaboration et al. (2013 XVI) appear to be somewhat in tension with the ones from the thermal Sunyaev-Zel'dovich (SZ, Sunyaev & Zeldovich 1970) effect galaxy cluster survey obtained with the same instruments (Planck Collaboration et al. 2013 XX, XXIX) : while Planck CMB data (combined with WMAP polarisation data and other high-resolution CMB experiments) constrain σ 8 (Ω m /0.27) 0.3 = 0.87 ± 0.02, being σ 8 the rms of matter density fluctuations in a sphere of 8 h −1 Mpc at the present epoch, the galaxy cluster counts analysis indicates a significantly lower value of 0.78 ± 0.01, which translates into about a factor of two less objects detected than expected from the CMB analyses. If on 2 Eq. (2) is expressed in Planck units, i.e. G =h = c = k B = 1. one side the systematics connected with both the X-ray and SZ scaling-laws adopted (see, e.g., Sereno et al. 2014 ) and the uncertainties in the modelling of non-thermal pressure bias (see, e.g., the study on Planck clusters by von der Linden et al. 2014 ) may hamper the robustness of the SZ cluster findings, on the other hand these results are consistent with other measurements obtained from other galaxy cluster surveys at different wavelengths and affected by completely different systematics (Vikhlinin et al. 2009; Rozo et al. 2010; Hasselfield et al. 2013; Reichardt et al. 2013) . Moreover, the low σ 8 scenario fits also with the expected number counts derived from the Planck y-parameter map analysis (Planck Collaboration et al. 2013 XXI) . The presence of massive neutrinos offers a possible natural explanation of this apparent discrepancy between the high and low-redshift universe: while CMB analyses assume a six free-parameter standard ΛCDM cosmology, adding a small Σ m ν as an additional component can help reconcile the discrepancy (see, Costanzi et al. 2014 , for a more detailed discussion on this topic). In the framework of this new One of the main difficulties in using LSS probes to determine Σ m ν is the degeneracy with the other cosmological parameters sensitive to the growth of cosmic structures, namely σ 8 and Ω m . The key to break this degeneracy is either the combination of different observables that allow to determine its redshift evolution, or adding CMB priors to the analysis of LSS data. Carbone et al. (2011) showed that future spectroscopic galaxy surveys planned for the next decade, like Euclid (Laureijs et al. 2011) and WFIRST (Spergel et al. 2013) , when combined with Planck priors will be able to measure both N eff and Σ m ν independently of the galaxy power spectrum normalisation, the dark-energy energy parametrisation, and the assumption of flat geometry if Σ m ν > 0.1 eV. Conversely, if Σ m ν is lower, they will allow a measurement in the framework of a flat ΛCDM model. In the next years also galaxy clusters surveys will play an important role in this framework (Carbone et al. 2012; Costanzi Alunno Cerbolini et al. 2013a ). The South Pole Telescope (SPT) team, which has recently released a first catalogue of 224 galaxy clusters detected via SZ effect in an area of 720 deg 2 (Reichardt et al. 2013) , is expected to achieve almost one thousand identifications with the full 2500 deg 2 survey, together with a measurement of the SZ power spectrum at the arcminute scale with unprecedented accuracy. In addition the eROSITA satellite (see Predehl et al. 2007; Merloni et al. 2012 ) will perform a full-sky survey in the X-rays with the potential of detecting about 10 5 galaxy clusters down to z ≈ 1 − 1.5. Provided that these objects will have adequate redshift measurements, these data will improve significantly our knowledge of how the LSS evolves with time. This will allow not only an independent set of measurements of both Ω m and σ 8 , but has also the potential of providing useful constraints on Σ m ν .
In this work we study how massive neutrinos affect the SZ and X-ray observables of galaxy clusters and how the expected detections from upcoming galaxy cluster surveys will be influenced by both the value of Σ m ν and by the uncertainty in other cosmological parameters. Like in our previous work on non-Gaussianities of primordial density fluctuations (Roncarelli et al. 2010 ), we use a set of six cosmological simulations that describe the formation of CDM structures including a massive neutrino component, with different values of Σ m ν and in two different cosmological scenarios. Starting from high-redshift, our simulations follow the evolution of a very large comoving volume of the Universe, namely 8 h −3 Gpc 3 , allowing us to achieve an accurate description of the mass function up to the highest mass haloes, well above 10 15 M ⊙ . After identifying galaxy clusters in our simulation outputs, we use scaling relations derived from observations to link their masses with their SZ and X-ray observables. By considering the geometry derived from the corresponding cosmological model, we associate to each halo a position in the sky, reconstruct the past light-cones of the LSS and create mock y-parameter observational maps. We compare our results with Planck observations, both for cluster counts and for the y-parameter power spectrum, and provide forecasts for future SPT and eROSITA cluster surveys. This paper is organised as follows. In the next Section we describe the characteristics of the simulation set used for this work, the algorithms used to identify the haloes and our method for the light-cone reconstruction. In Section 3 we describe the model used to associate the SZ signal to each halo and discuss our results on the effect of neutrino mass on number counts and SZ power spectrum. In Section 4 we discuss the aspects connected with the X-ray properties of galaxy clusters and provide forecasts on the possible detections by eROSITA. We summarise and draw our conclusions in Section 5. For the purpose of our work we will use two different cosmological models with different values of the Hubble parameter h. However in order to provide a consistent comparison we will fix h = 0.7 (h 70 = 1) for both models whenever describing the predicted observational properties.
MODELLING THE EFFECT OF NEUTRINOS ON THE LSS

The simulation set
For this work we use a set of cosmological simulations performed with the tree particle mesh-smoothed particle hydrodynamics (TreePM-SPH) code GADGET-3, an evolution of the original code GADGET (Springel 2005 ) specifically modified by Viel et al. (2010) to account for the neutrino density evolution. Here we summarise the characteristics of the code and we refer to the original work for the details (see also Bird et al. 2012; Villaescusa-Navarro et al. 2013 . The code follows the evolution of CDM and neutrino particles treating them as two separated collisionless fluids. Given the relatively higher velocity dispersion, neutrinos are known to cluster on scales larger than CDM, allowing to save computational time by neglecting the calculation of the short-range gravitational force. This results in a different spatial resolution for the two components: fixed by the PM grid for neutrinos and about one order of magnitude higher for CDM.
Starting from initial conditions with the same random seeds, we run a total of six different cosmological simulations on very large scales, following a comoving volume of (2 h −1 Gpc) 3 from z = 99 to present epoch, filled with 1024 3 dark matter particles and, where present, an equal amount of neutrino particles. No baryon physics is included in these simulations. We choose the cosmological parameters of the first three simulations, dubbed P0, P17 and P34, according to the Planck results (Planck Collaboration et al. 2013 XVI) , namely a flat ΛCDM model which we generalise to a ΛCDMν framework by changing only the value of the sum of the neutrino masses Σ m ν = (0, 0.17, 0.34) eV, respectively, and keeping fixed Ω m and the amplitude of primordial scalar perturbations A s . For the other simulation set (W0, W17 and W34) we assume the baseline ΛCDM cosmology derived from the nine-years results of the WMAP satellite (Hinshaw et al. 2013) , and introduce massive neutrinos with masses Σ m ν = (0, 0.17, 0.34) eV in the same way. For each simulation we produced 64 outputs logarithmically equispaced in the scale factor a = 1/(1 + z), in the redshift interval z = 0 − 99. The list of cosmological and numerical parameters assumed for the two simulation sets is reported in Table 1 .
Halo identification
First, we process the simulation outputs with the Friend-of-Friend (FoF) algorithm included in the GADGET-3 package, assuming a linking length fixed to 0.16 times the mean interparticle distance: the minimum number of dark-matter particles to identify a structure is fixed to 32, thus fixing its minimum mass to M FoF ≃ 2 × 10 13 h −1 M ⊙ . The obtained FoF catalogues are then processed with the SUBFIND algorithm (Springel et al. 2001; Dolag et al. 2009 ) included in the GADGET-3 package, which identifies locally overdense gravitationally bound regions within an input parent halo.
Here we adopt a minimum number of 20 particles to make a valid sub-halo. Moreover, we use a specific routine included in the SUB-FIND algorithm to compute spherical overdensities for FoF groups, and, in particular, for each halo we compute the value of R 500 , defined as the radius enclosing a matter (CDM+neutrinos) density equal to 500 times the critical density of the Universe ρ c (z) at the cluster redshift, and the corresponding mass in terms of M 500 ≡ 500ρ c (z) × 4 3 π R 500 3 . The choice of the density contrast δ = 500 is done in order to simplify the use of scaling relations to compute observables (see Sections 3 and 4). With this procedure some of the initial FoF parent haloes are split into multiple sub-haloes, with the result of an increase of the total number of identified objects and of a lower minimum mass limit.
We show in Fig. 1 the mass functions of our six simulations in terms of number density of haloes above a given M 500 at four different redshifts. We remark that these mass functions are accurate in a range of more than two orders of magnitude and up to masses larger than 10 15 h −1 M ⊙ . As expected, the presence of massive neutrinos slows down structure formation resulting in a smaller number of haloes per fixed mass at all redshifts. When looking at the z = 0 plot, in the mass range M 500 = 10 13.5−14.5 h −1 M ⊙ the P17 model shows about 10 to 20 per cent less haloes than the P0 one, with differences doubled when considering the P34 and P0 models. Similar differences are found for the WMAP simulation set. We can also observe that the action of massive neutrinos is not completely degenerate with respect to the remaining cosmological parameters if we take into account the redshift evolution and the shape of the mass function. More precisely, the decrease in the number of haloes due to neutrino free-streaming shows a steeper dependence on both mass and redshift.
Massive neutrinos affect also the clustering of large-scale structures, as shown by the two-point spatial autocorrelation function of haloes in Fig. 2 . Differently from the mass function case, massive neutrinos enhance halo clustering and the value of ξ at all scales and redshifts (see the discussion in Marulli et al. 2011) . Considering the Planck simulation set, we observe that massive neutrinos produce a 20 per cent increase of the value of ξ for the P34 simulation with respect to the P0 one, independent of scale and almost independent of redshift up to z = 1. Similar differences are found in the WMAP simulation set. On the other side, the increase of the value of ξ associated to the baseline cosmology is significantly higher: the W0 simulation shows a 20 per cent higher correlation than the P0 one at small scales, with differences increasing with distance up to 40 per cent at 50 h −1 Mpc. This indicates that Table 1 . Set of parameters assumed in our six simulations. Second and third columns: density parameter of the cosmological constant and CDM, respectively, in per cent units. Fourth column: neutrino mass fraction, defined as f ν ≡ Ω ν /Ω m , in per cent units. The values of Ω Λ , Ω CDM and Ω ν are set to be consistent with a flat universe (Ω = 1). From fifth to eighth column, respectively: sum of the neutrinos masses (Σ m ν ), Hubble constant (H 0 ), normalisation of the primordial power spectrum of the density fluctuations (A S ) and rms of matter density fluctuations in a sphere of 8 h −1 Mpc (σ 8 ) at z=0. The ninth column shows the number of particles used in the simulations (N p ) and the last two columns show the mass of the CDM and neutrino particles, respectively. For all simulations the comoving volume size is (2 h −1 Gpc) 3 . Upper subpanels: mass function, in terms of comoving number density of haloes above a given M 500 , for the two simulation sets at different redshifts. Solid lines refer to the Planck simulation set (P0, P17, P34), dot-dashed lines refer to the WMAP simulation set (W0,W17,W34). The three different values of Σ m ν = (0,0.17,0.34) eV are shown in black, red and green, respectively. In the lower subpanels we show the fractional differences ∆n/n, with respect to the P0 simulation.
the use of cluster counts and cluster correlation function can help to break the degeneracy between neutrino mass and cosmological parameters.
Light-cone construction
The method to create the past light-cones from the simulation outputs is similar to the one described in our previous works (see Roncarelli et al. 2006a Roncarelli et al. , 2007 Roncarelli et al. , 2010 Roncarelli et al. , 2012 . The procedure consists in stacking the different simulation volumes along the line of sight, down to a redshift limit that we fix for our purposes to z = 3, corresponding to 4381 h −1 (4601 h −1 ) comoving Mpc for the Planck Figure 2 . Two-point spatial autocorrelation of haloes (M 500 > 10 13.5 h −1 M ⊙ ) as a function of comoving distance for the two simulation sets at different redshifts. Lines and colour coding are the same as in Fig. 1 . In the lower subpanels we show the fractional differences ∆ξ/ξ, with respect to the P0 simulation.
(WMAP) baseline cosmology, thus requiring to stack three times the simulation volume to fill up the light-cone. In order to exploit the full redshift sampling of the simulation outputs, each simulation volume is divided into slices along the line of sight to which we assign a different snapshot. The interval corresponding to the different slices is chosen by computing the age of the Universe as a function of the comoving distance from the observer and by assigning to each slice the snapshot that better matches this quantity. Given our set of snapshots we obtain 39 slices for both simulation sets. In order to avoid the superimposition of the same structures along the line of sight, every simulation box undergoes a randomisation process that consists of four steps: (i) we assign a 50 per cent probability to reflect each side of the output, (ii) we randomly choose the axis to be oriented along the line of sight and the direction of the other two, (iii) we perform a random recentering of the spatial coordinates by exploiting the periodic boundary conditions and (iv) we rotate the cube along the line of sight choosing a random angle. The slices belonging to the same cube volume undergo the same randomisation process in order to preserve the large-scale power information. We repeat this process using the same random seeds for our six simulations: this, together with the use of the same initial conditions, ensures that we represent the same comoving volume with six different cosmological models, reducing the impact of cosmic variance on our results.
We fix the opening angle of each light-cone to 10 deg per side, a limit that ensures the validity of the flat-sky approximation, enclosing a comoving volume of 0.854 (0.977) h −3 Gpc 3 for the Planck (WMAP) simulation set. By varying the initial random seed we generate 50 different light-cone realisations that we use to assess the statistical robustness of our results, thus covering a total area of 5000 deg 2 . Despite the very large size of our simulation volume, this total area cannot be considered completely independent. In fact, the projected comoving size of the simulation at z = 3 corresponds for the Planck (WMAP) model to 681 (622) deg 2 , indicating that at the end of the light-cone we are replicating the same structure about 7 (8) times. However in the redshift range 0 < z < 0.6, where most of the X-ray and SZ signal is expected, the simulation size covers all of the 5000 deg 2 , allowing us to consider the comoving volume of our 50 light-cones as practically independent up to z = 0.6.
MODELLING THE SZ SIGNAL
Starting from the simulation outputs, we associate to each halo a value of the integrated Compton y-parameter Y 500 as a function of M 500 and z, using the scaling-law adopted by Planck Collaboration et al. (2013 XX) :
where Once the expected value of Y 500 is computed, the final value is determined by adding randomly an intrinsic scatter with a logarithmic standard deviation σ LogY = 0.075. Under these assumptions we compute the expected number of haloes above a given Y 500 in different redshift bins, and show the results in Fig. 3 . The differences are comparable to what observed in Fig. 1 for the mass function, with decrements in the expected number counts roughly proportional to the value of Σ m ν . We can see, however, that while at low redshift the W0 model appears almost degenerate with the P34 one, when moving towards higher redshift the effect of neutrinos is stronger. The cosmic variance (grey shaded area) computed as the interval that encloses the central 68 per cent of the values in the 50 different fields, is smaller than the difference between the various models for Y 500 10 −4 arcmin 2 and approximately follows Poissonian statistics.
We use our models also to predict the expected detections by the SPT and Planck surveys. In general, the probability of detecting a galaxy cluster via the SZ effect depends not only on its Y 500 value but also on the sky surface occupied by the halo: the latter determines the amount of noise, mainly primary CMB, and grows approximately linearly with the halo angular size. From the simulated light-cone catalogues we derive the value of θ 500 = arcsin(R 500 /d A ) for our objects. Then by using simulated data of SPT noise (private communication by A. Saro and J. Liu) we compute a value of ∆Y that we use as a noise estimate and fix a S/N detection threshold of 4.5 (see Reichardt et al. 2013 ). Finally we associate to each halo a detection probability by taking into account the intrinsic scatter in the Y 500 -M 500 relation of Eq. (4). We show in Fig. 4 the expected number of detections for the full SPT cluster survey (area of 2500 deg 2 ). We find that a value of Σ m ν =0.17 eV reduces the expected detections by 20 per cent at z = 0 and up to 40 per cent at z > 1 with respect to the ΛCDM scenario in the Planck baseline cosmology. We can also see that for all models 15-20 per cent of the total detections will be at z > 1, where the neutrinos produce the largest differences. However the effect of neutrinos is almost degenerate with cosmology: in fact, the P34 and W0 mod- els produce very similar results. This indicates that the SPT cluster survey alone will not be able to break the degeneracy between Σ m ν and σ 8 , and that a combination with data from other probes will be required to measure Σ m ν precisely.
To obtain the estimate for the Planck cluster survey with an equivalent procedure we would need a precise and complete instrumental noise information which is not publicly available at the moment. For this reason we proceed in the following way. We consider the mass selection functions, M lim (z), published by Planck Collaboration et al. (2013 XX, see their Fig. 3 ) for the shallow, medium and deep surveys. Then for every halo in our catalogue we compute a detection probability χ(M 500 , z). Since this quantity actually depends on Y 500 , which is related to M 500 with an intrinsic logarithmic scatter σ LogY , we consider this effect by computing it in the following way:
being f i the area fraction of the three surveys (48.7, 47.8 and 3.5 per cent for the shallow, medium and deep surveys, respectively) and M lim,i (z) the relative selection function. Finally, for each cluster in our light-cones we sum their individual detection probability and compute the expected number of detections per redshift bin considering a coverage area of 26814 deg 2 (i.e. the 65 per cent of the full sky). We note, however, that our prediction for the P0 model is higher by about 30 per cent with respect to the equivalent one in Planck Collaboration et al. (2013 XX): we verified that this translates in a 10 per cent difference in the mass limit and is likely due to the approximations in our modelling of the Planck selection function. To overcome this problem, we apply this correction factor to the value of M lim,i (z) as it appears in Eq. 5. The corresponding results in terms of clusters number counts are plotted in BAO data. Again, we observe that with respect to number counts the P34 and W0 model are almost perfectly degenerate. We now analyse our predictions for the average y-parameter value and SZ power spectrum. By using our light-cone catalogues, and under the assumption of clusters' spherical symmetry and of a fixed pressure profile, we are able to produce a set of mock yparameter maps for each light-cone realisation and for each simulation, and use them to predict global SZ properties. Starting from the position of the cluster centers in the light-cones, we assign to each object a projected pressure profile using a modification of the classic β-model (Cavaliere & Fusco-Femiano 1978) , namely a rolling-β polytropic profile that allows for a steepening of the density and temperature profiles in the outskirts (see Ameglio et al. 2006; Roncarelli et al. 2006b Roncarelli et al. , 2010 , and discussions therein). The profile, expressed in terms of the y-parameter, has the following form:
where θ c is the angular size of the core radius, γ is the polytropic index of the gas, fixed to 1.18, and β eff is the effective slope, defined as
where β int and β ext represent the internal and external slopes of the profile, respectively. This method has the advantage of providing directly the projected quantity to map, with three free parameters, namely β int , β ext and the ratio θ c /θ 500 , that can be tuned to reproduce a given pressure profile. In particular we find the parameters values (β int = 0.98, β ext = 1.28 and θ c /θ 500 = 0.426) that match the projection of the universal pressure profile of Arnaud et al. (2010) and apply them to our clusters. Given the high pressure contribution coming from external regions, we map the structure of our haloes up to 8 R 500 .
We show in Fig. 6 the maps of the y-parameter obtained with this method for the same light-cone realisations produced with the six simulations described in Table 1 . These maps represent the whole 100 deg 2 sky patch after cutting out haloes whose centre is located at z < 0.03. We note that, even reproducing the same light-cone volume in the six simulations (see Section 2.3), a small number of close bright structures, that happen or not to enter the light-cone, create a significant cosmic variance from field to field. It is clear from these images that the diminished abundance translates into a lower comptonisation value with increasing neutrino mass and moving from Planck to WMAP cosmology. We show in Table 2 the average y-parameter computed over the whole 5000 deg 2 . The quoted error represents the 1σ deviation of the 50 different fields, i.e. the range that encloses the central 68 per cent of the values. First of all we must consider that these values are low when compared to other estimates obtained from hydrodynamical simulations, due to the lack of the diffuse component (i.e. filaments) which is expected to provide about half of the contribution to the whole integrated value (see the discussion in Roncarelli et al. 2007 ): this means that we have to consider these results as representative of the fraction of the expected total value associated to galaxy clusters only. As expected, massive neutrinos reduce consistently the average y-parameter, with P17 and P34 simulations having values about 20 and 40 per cent lower, respectively, with respect to the P0 model. When considering the WMAP simulation set, the reduction is even higher (25 and 45 per cent for W17 and W34, respectively), due to the higher value of the ratio f ν . Considering the whole set of six simulations we observe that the average y-parameter due to galaxy clusters scales as
Another important quantity that can be used to observe the effect of neutrinos on the LSS of the Universe is the SZ power spectrum, which is known to be the dominant source of CMB anisotropies at small scales ( 5 arcmin) and that has been recently measured by Planck (Planck Collaboration et al. 2013 XXI) , SPT (Reichardt et al. 2012; Crawford et al. 2014) and ACT (Sievers et al. 2013) . Using the complete set of y-parameter maps (6 maps like the ones of Fig. 6 for each light-cone realisation) we compute their power spectrum with a method based on fast Fourier transform and in the flat-sky approximation, and express it in terms of power as a function of the multipole ℓ.
Since for each model the power spectrum shows significant changes from one light-cone to another due to the cosmic variance, in order to define a global quantity for each simulation we proceed in the following way. For every simulation and for each value of the multipole ℓ we consider the values of P(ℓ) ≡ ℓ(ℓ + 1)C ℓ /(2π) obtained in the 50 different light-cones and quantify their dispersion by cutting out the 8 highest and 8 lowest values and by defining σ(ℓ) as the half of the range enclosing the 34 remaining ones. Then, after defining x ≡ Log(ℓ), we compute the average P(x) for each model and observe that the result can be fit with a skew-normal distribution (Azzalini 1985) with shape parameter fixed 3 to α = −2, thus with the following formula:
where A, µ and σ are left as free parameters. Finally, for each model we fit the average power spectrum by using the value of σ(ℓ) as an error for each point. We report in Table 3 the best-fit parameters for each model and plot in Fig. 7 the corresponding SZ power spectra Table 3 . Properties of the SZ power spectrum for our six simulations. From second to fourth column: values of the best-fit parameters (see text for details) to the simulated data using Eq. (9). The fifth column indicates the value of the best-fit function at ℓ = 3000, with the errors that represent the interval enclosing the central 68 per cent of the values of the 50 different light-cone realisations. The values A and A 3000 are expressed in terms of (∆T /T CMB ) 2 in the RJ limit. in the Rayleigh-Jeans (RJ) limit. For all the six models the shape of the function and its peak position, defined by the σ and µ parameters show small changes. On the other hand, the normalisation is highly influenced by the presence of massive neutrinos: the P17 and W17 models show a reduction of 25-30 per cent with respect to the corresponding ΛCDM model, while for the P34 and W34 models the normalisation is reduced to less than a half. We find that its dependence on f ν scales approximately as
Our results can be compared to the measurements at ℓ < 1000 of Planck Collaboration et al. (2013 XXI) and to the ones at ℓ = 3000 of SPT (Reichardt et al. 2012; Crawford et al. 2014) and ACT (Sievers et al. 2013) , also plotted in Fig. 7 . As a reference, we also show in Table 3 the value of A 3000 for our six models in the RJ limit 4 . We can see that none of our models is able to reproduce the shallow slope obtained by Planck at large-scales, resulting in a significant underestimate of the measured spectrum at ℓ 300: this is likely due to the lack in our model of the diffuse component associated to non-virialised structures. On the other hand, the results at ℓ = 3000 favour the P17, P34 and W0 models which are all consistent at about 1σ. However, given the error bars we can significantly rule out only the W34 model.
MODELLING X-RAY COUNTS
In this section we aim at describing the X-ray properties of the galaxy clusters in our simulations and predicting the expected number counts for the eROSITA all-sky survey, that will constitute an important probe of the LSS in the next future. However, this kind of modelling is significantly more difficult than the corresponding SZ one, mainly due to the uncertainties associated to the X-ray scaling laws and to their redshift evolution, making our results uncertain in terms of absolute values. For this reason, we focus on the discussion of the relative differences associated to the presence of massive neutrinos, that are less dependent on our model assumptions.
In order to assign to each galaxy cluster an X-ray luminosity we adopt the scaling-law of Mantz et al. (2010a) , namely
where L 500 is the bolometric X-ray luminosity inside R 500 , and the two parameters β 0 and β 1 are fixed to their best-fit values of 1.23 and 1.63, respectively. Here we are assuming a self-similar redshift evolution. After computing the expected value of L 500 we also apply an intrinsic logarithmic scatter characterised by σ Log L = 0.17. We then convert each bolometric luminosity to the corresponding flux in the 0.5-2 keV band
where d L (z) is the luminosity distance, f (T 500 , z) is the band correction, computed assuming a bremsstrahlung emission. The cluster temperature T 500 is also computed applying the scaling-law obtained by Mantz et al. (2010a) and assuming a self-similar redshift evolution.
Under these assumptions we compute the number of clusters detectable by the eROSITA full-sky survey by adopting a simple Figure 7 . Power spectrum of the SZ signal in the RJ limit as a function of the multipole ℓ for the two simulation sets. Lines and colour coding are the same as in Fig. 1 . All these lines represent the average over the 50 light cone realisations, while the gray shaded area encloses the 1σ deviation between the 50 lightcones for the P0 simulation only (see text for details). The blue points represent the SZ power spectrum measurements by Planck (Planck Collaboration et al. 2013 XXI) . The orange and magenta points represent the SPT results by Reichardt et al. (2012) and Crawford et al. (2014) , respectively. The cyan point represents the ACT measurement by Sievers et al. (2013). flux threshold of 3 × 10 −14 erg s −1 cm −2 in the 0.5-2 keV band, as reported in Merloni et al. (2012) . We stress that the problem of determining the actual detectability of a galaxy cluster in the real survey is a more complicated issue, connected to the capability of disentangling faint cluster candidates from contaminating sources (mainly faint AGNs at high redshift) given the large PSF of eROSITA (see, e.g., a discussion on this problem with XMMNewton observations in Brusa et al. 2010) , which is beyond the scope of this paper. For this reason our results should be interpreted as upper limits of the eROSITA survey capability.
We show in Fig. 8 the logN-logS of the haloes in our 50 lightcones. These results look similar with what already said for Fig. 3 , with the inclusion of massive neutrinos causing comparable decrements in the expected number of haloes. In this case the different redshift evolution of the X-ray flux makes the degeneracy with respect to cosmology more severe, especially between the P34 and W0 models at all redshifts. This is mainly due to the value of the Ω m parameter that influences the redshift evolution through E(z) (see Eq. 11).
The potential of the eROSITA survey comes out more clearly when analysing the expected detections in the redshift bins shown in Fig. 9 . For this computation we considered only haloes with M 500 > 10 14 h −1 M ⊙ , in order to avoid further uncertainties in the scaling relations adopted. With our assumptions the eROSITA cluster survey would be almost volume limited for the haloes above this mass. The total number of potential detections for the P0 model is about 180,000, which is consistent with what quoted by Merloni et al. (2012) . This makes the differences associated to a change in the value of Σ m ν highly significant in terms of the corresponding Poissonian uncertainties in all redshift bins.
Given the very high number of potential detections we can compute the corresponding angular correlation function w(θ) for the six models considered in this work and check if it can break the degeneracy between Σ m ν and cosmology, as said in Section 2.2. The results plotted in Fig. 10 show a trend similar to what happens for the cluster correlation function shown in Fig. 2 , with a higher correlation for WMAP cosmology and for higher neutrino masses, with differences that are larger than the typical Poissonian error at θ 10 arcmin. However, even if the fractional differences are high, the value of w(θ) at these angular scales is small (below 0.1 for all models), indicating that the systematics associated to the the scaling law, and in particular to the redshift evolution, will dominate the uncertainty making it difficult to disentangle between the different models. This indicates that in order to exploit the correlation The grey-shaded area shows the Poissonian error (1σ) for the P0 simulation only computed over the 50 light-cones (5000 deg 2 ). In the lower subpanel we show the fractional difference computed with respect to the P0 simulation.
CONCLUSIONS
In this paper we have analysed the outputs of a set of six cosmological simulations with the aim of describing the effect of massive neutrinos on the LSS of the Universe, focusing on the SZ and X-ray properties of galaxy clusters. Our simulations follow the evolution of a very large comoving volume, 2 h −1 Gpc per side, allowing us to describe accurately the halo mass function up to masses above 10 15 h −1 M ⊙ , in two different cosmological scenarios, one adopting parameters consistent with the latest Planck results (Planck Collaboration et al. 2013 XVI) and another with the WMAP results (Hinshaw et al. 2013) , both considering three different values of the sum of neutrino masses: Σ m ν = (0, 0.17, 0.34) eV. The set of parameters used for these simulations is summarised in Table 1 . Starting from the outputs of each simulation we constructed a set of 50 light-cone catalogues of 10 deg per side and, by using known scaling relations, we computed the expected SZ and X-ray signals. This allowed us to test the effect of massive neutrinos on these observables, to compare them with Planck data and to investigate the capability of future cluster surveys of measuring Σ m ν and disentangling its degeneracy with other cosmological parameters, mainly σ 8 and Ω m . Our main results can be summarised as follows.
(i) As expected, the effect of massive neutrinos is larger at higher masses and redshift. At z = 0 neutrinos with masses Σ m ν =0.34 eV decrease the number of haloes by 20 to 40 per cent in the mass range M 500 = 10 13.5−14.5 h −1 M ⊙ . While at z = 0 this is almost equivalent to a change in cosmology from the Planck-ΛCDMν model with Σ m ν = 0.34 eV to a simple WMAP-ΛCDM one, at higher redshift the effect of neutrinos is stronger.
(ii) The spatial correlation function of the haloes is also influenced by Σ m ν but with a smaller impact with respect to the mass function: about 15-20 per cent higher correlation for Σ m ν =0.34, with lower dependence on scale and redshift. Conversely, the effect associated to a change in σ 8 and Ω m is larger and scale dependent, allowing for a possibility of breaking the degeneracy of Σ m ν with these parameters.
(iii) The effect on the mass function translates into different expected counts of SZ detected clusters. Assuming a Planck-ΛCDM cosmology SPT will be able to detect about 1100 clusters, reduced by 40 per cent when Σ m ν =0.34 eV. The same difference is found when computing the expected Planck detections in agreement with the findings of Planck Collaboration et al. (2013 XX) . However this is marginally in tension with the suggested value of Σ m ν = (0.20 ± 0.09) eV obtained when BAO constraints are included (Planck Collaboration et al. 2013 XX) .
(iv) The global y-parameter value is strongly influenced by the presence of massive neutrinos. We observe an approximate scaling of (1 − f ν ) 20 for the signal associated to galaxy clusters.
(v) While the shape of the SZ power spectrum shows a weak dependence on f ν , its normalisation scales as (1 − f ν ) 25−30 . The SPT
and ACT results at ℓ = 3000 are consistent with a WMAP-ΛCDM cosmology. If Planck cosmology is assumed instead, a value of Σ m ν between 0.17 eV and 0.34 eV is needed to fit with the data. We provide analytical fits to the power spectra (see Eq. 9 and Table 3 ).
(vi) Given the very high number of galaxy clusters above its flux detection limit, the eROSITA full-sky survey has the potential to put constraints on Σ m ν , provided that cluster redshifts will be measured. However model uncertainties and the degeneracy of Σ m ν with both σ 8 and Ω m will make difficult to disentangle the two effects using its data alone.
Our work confirms how the LSS and galaxy clusters evolution are influenced by the value of the neutrino masses, the usefulness of cosmological analyses in measuring Σ m ν and the necessity of extending the traditional ΛCDM concordance model to a more complete and accurate ΛCDMν cosmology. With the increasing number of upcoming surveys, statistical uncertainties will not constitute the main limitation in providing strong limits on the neutrino masses using galaxy clusters. On the other hand, degeneracies with other cosmological parameters and with the modelling (mainly scaling laws and redshift evolution) will require the combination of both CMB and LSS data coming from different observable quantities, allowing us to probe different epochs of structure formation. A list of possible new types of analyses that may provide constraints on neutrino mass includes redshift-space distortions, CMB-weak lensing correlation, and kinetic SZ power spectrum. We plan to investigate these further neutrino probes and their cross-correlations in the near future by exploiting the "Dark Energy and Massive Neutrino Universe" (DEMNUni) simulation set (C. Carbone et al in prep., E. Castorina et al. in prep) , characterised by the same volume, but with a particle mass resolution about one order of magnitude larger than for the simulations adopted in the present work.
